Introduction
A mathematical treatment of the steady-state polarization characteristics of a rotating disk electrode is to be presented. The Stefan-Maxwell model discussed earlierl!1 has been used to predict the concentration and potential profiles, as well as the currentpotential behavior, for the largely mass-transfer controlled anodic dissolution of copper in chloride solutions l21 written as Cu -+ Cu+ +e-.
(1)
The effect of finite rates of the homogeneous reaction (2) has been investigated over a wide range of rate constants for this reaction. However, for certain combinations of values of the equilibrium and kinetic constants, numerical difficulties arise because concentration gradients become steep and finite-difference approximations lose accuracy. Thus, a perturbation technique is used as a guide for understanding the physical nature of the problem. For example, the perturbation solution indicates sources of error in the computer formulation and may be used to estimate the order of magnitude of these errors.
Before proceeding with the mathematical treatment, let us briefly discuss the electrochemistry that gives rise to such an analysis. A singular perturbation problem arises when the homogeneous-reaction rate constant is large enough to allow the diffusion boundary layer to be treated as two regions: (i) the homogeneous reaction zone, where the concentrations are distributed according to the rate -of the complexing reaction, and (ii) the remainder of the diffusion layer, where the concentration profiles are determined by the equilibrated homogeneous reaction.
• ."
. . 3 We will present a rigorous justification of the separation of the electrolytic solution into two regions by means of a singular-perturbation expansion of the concentration. i 3J
A singular perturbation consists of two perturbation expansions valid respectively in the region away from the interface and close to the interface. Si~ce they describe the same function, the two expansions must match in an intermediate r:egion. In other words, the outer limit of the inner concentration expansion agrees, to all orders in the perturbation parameter and the distance variable, with the inner limit of the outer expansion. Again, the reason for constructing two such perturbation expansions is that different approximations are valid in the two regions. In the outer region of the diffusionboundary layer, one can neglect departures from equilibrium of the chemical complexing reactions assuming infinitely fas't equilibration as a first approximation, so only diffusion and convection need to be accounted for. In the inner region (near the interface) convection can be neglected, but it is necessary to consider the finite rates of the homogeneous reactions as well as diffusion. For the perturbation analysis, migration is assumed to be negligible in both regions because of the excess of supporting electrolyte that is present.
Perturbation Formulation
The governing equations and boundary conditions, USIng dilute-solution theory with no migration, are presented here for the steady-state dissolution of copper In chloride solutions. The minor species, Cu+ and CuCI;, are treated in an excess of supporting electrolyte, i. e., HCI, such that the chloride concentration can be taken to be constant. Thus, the material balances are given as follows 
where 0 is the angular rotation speed, II is the kinematic viscosity, and a = 0.51023262 .
. The boundary conditions in the bulk are c· = c· , 1,00
where the arbitrary zero of potential is specified at (7) and the problem is scaled using the largest diffusion coefficient Dmax' The boundary condition at the electrode relates the flux of species i to the electrochemical reaction occurring at the surface de· s·
where Si is the stoichiometric coefficient of species I, n is the number of electrons transferred in the single electrode reaction, and in is the normal component of the faradaic current density. 5 
Governing Equations for the Outer Solution Region
The modified homogeneous-reaction equilibrium relationship
A is applicable because the complexing-reaction backward rate constant k b is large, and the chloride concentration is taken to be constant due to the presence of an excess of
Hel. Addition of equations 3 and 4 yields (10)
Substitution of equation 9, with rearrangement, gives
where the effective diffusion coefficient is given by "' . 
e where A is an integration constant to be given later. The rotating-disk problem is . .
properly scaled using the dimensionless parameter are given by
although these concentration profiles do not reflect the differences between species 3 and 4 as required by stoichiometry of the reaction. Thus, equations 13 and 15 do not satisfy the boundary condition at the surface as given by equation 8. Let us next treat the region next to the electrode surface where the complexing reaction is not equilibrated, and finite rates of the homogeneous reaction must be accounted for.
Governing Equations for the Inner Solution Region
Convection can be ignored in the inner region close to the electrode surface; thus, equation 10, when usiI),g the dimensionless distance E, reduces to 
where <l'4 = 0 so that C4 is bounded at infinity. 
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Finally, the concentrations of species 3 and 4 at the surface are given by
We have constructed two expansions, e.g., equations 13 and 21 for c 4 ' which are valid in different, but overlapping regions of e, and these two expansions match in the region of overlap. The expansion, valid for all values of e, is obtained by adding the 8 inner and outer solutions, followed by subtracting the terms common to both the inner and outer expansions. Thus, the "composite expansions" for the concentrations of species 3 and 4 as a function of the dimensionless distance from the electrode are as follows
Polarization Behavior
The current is related to the potential by the modified Butler-Volmer equation 
a form which suggests a general correlation of the current-potential curve. In table 2, the current densities and the surface concentrations, normalized with respect to the current density, are calculated from the perturbation analysis using equations 29 and 24, respectively, for all cases except kb = 0 s-l. For the latter asymptotic limit, the current density is given by t It should be pointed out, however, that reaction 30 is not equivalent to the twostep process (equations 1 and 2) with k b = 00 because the chloride reaction order is different in the two cases.
• -------t'---.,....--..,.----- only briefly here.
At the electrode surface, the normal current flow can be shown l7J to be related to the potential gradient by
The stoichiometric coefficients, charge numbers, and magnitude of diffusion coefficients of the species participating In a particular reaction determine whether a potential maximum/minimum occurs or not. For example, the sum in the denominator in 
Conclusions
The generalized Stefan-Maxwell program!li accounting for multicomponent diffusion, migration, and convection, in addition to any number of homogeneous and heterogeneous reactions, IS a very powerful algorithm for studying many reaction mechanisms at a rotating disk. However, when utilizing computer implemented techniques, one must be cautious of numerical inaccuracies that can arise for certain values of the system parameters.
In this paper, the dissolution of a copper rotating disk has been studied. We have
shown that a perturbation analysis for large, but finite, rates of the homogeneous complexing reaction is most helpful for elucidating numerical (SM) errors that did occur for these conditions. Additionally, the analytic solutions to the simplified governing equations (dilute-solution theory with no migration) help verify the unexpected potential profiles. Asymptotic limits for values of the homogeneous rate constant were presented and provided a window for studying the finite-rate cases. Finally, the perturbation analysis led to a simplified correlation (equation 29) for the entire current-potential curve. This new way of plotting the steady-state polarization behavior reduces the number of independent parameters for the system to a minimum.
